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Summary
Salt-induced changes in growth, various gas exchange characte-
ristics, and ion accumulation were examined during a greenhouse 
experiment on six radish (Raphanus sativus L.) cultivars i.e., 
Radish Red Neck, Radish Lal Pari, Radish Mino Japani, Radish 
40 Days, Mannu Early and Desi. Varying levels of salt (0, 80, and 
160 mM NaCl) of the growth medium markedly decreased the shoot 
and root dry weights, relative water contents, osmotic potential, 
photosynthetic and transpiration rates, stomatal conductance, sub-
stomatal CO2 concentration, Ci /Ca ratio, water use effi ciency, leaf 
and root K+ and Ca2+, while increasing the leaf and root Na+ and 
Cl- of all six radish cultivars. Of all cultivars, Mannu Early and Desi 
were higher in shoot and root dry weights than the other cultivars, 
and thus, they were ranked as relatively salt tolerant. However, none 
of the earlier mentioned physiological attributes was found to be an 
effective criterion in discriminating the six radish cultivars. Overall, 
the response of each cultivar to salt stress appraised using various 
physiological attributes was specifi c.
Introduction
It is now well established that high salt concentrations in water or 
soil adversely affect various biochemical and physiological pro-
cesses leading to poor plant vigor and yield in most plant species 
(ASHRAF, 2004; MUNNS and TESTER, 2008). Salt-induced osmotic 
stress and ion toxicity are the major causes of plant growth reduction 
(ZHU, 2001; SAIRAM and TYAGI, 2004). A number of mechanisms 
involved in plant salt tolerance, ion homeostasis, and differential 
regulation of biochemical and physiological processes have gained 
a signifi cant importance (ASHRAF, 2004; MUNNS, 2005; GENC et al., 
2007).
Previously, it was found that growth suppression may be a non-
specifi c effect of salts, depending more on the total concentration 
of soluble salts than on specifi c ions (MAAS and NIEMAN, 1978). It 
is well documented that the accumulation of Na+ and CI- ions in the 
leaves is the most important factor which causes considerable injury 
to ultra-structure of different organelles of plants subjected to salt 
stress (MARTINEZ-BARROSO and ALVAREZ, 1997). It is suggested 
that generally crop cultivars which show more tolerance to salt 
stress, accumulate CI- in their roots and as a whole prevent the 
negative effects of salt on plant growth (SAIED et al., 2003). Cellular 
K+/Na+ and Ca2+/Na+ ratios also can affect salt tolerance of plants to 
a varying extent (YASAR, 2007; YILDIZ et al., 2008). 
Salt stress also adversely affects plant photosynthesis (DUBEY, 
2005; ARFAN et al., 2007; NOREEN and ASHRAF, 2008). However, 
it is diffi cult to assess whether a reduced rate of photosynthesis 
is the cause of growth reduction, or merely the consequence 
of growth reduction (MUNNS and TESTER, 2008). For instance, 
salt-induced reduction in growth of barley (FRICKE et al., 2004) 
and maize (CRAMER and BOWMAN, 1991) has been due to rapid 
change in leaf expansion rate resulting into a buildup of unused 
photosynthates in growing tissues (MUNNS, 1993; MUNNS et al., 
2000). In view of PAUL and FOYER (2001) accumulation of unused 
photosynthates under saline conditions may generate feedback 
signals to down-regulate photosynthesis to compensate the reduced 
demand arising from growth inhibition. However, at high salt stress, 
excessive accumulation of salts in the cytoplasm or chloroplast of 
mesophyll cells inhibits photosynthetic enzymes thereby reducing 
the photosynthetic rate (MUNNS, 1993; DUBEY, 2005). The reduction 
in photosynthesis under salt stress can also be attributed to a 
decrease in stomatal closure because higher stomatal conductance 
is known to increase CO2 diffusion into leaves thereby favoring 
higher photosynthetic effi ciency (DOWNTON, 1977; SEEMANN and 
CRITCHLEY, 1985). During a greenhouse experiment on radish 
plants, salt stress (90 and 240 mM NaCl) considerably decreased 
the photosynthetic activity resulting in reduced plant growth, leaf 
area, chlorophyll contents and chlorophyll fl uorescence (JAMIL
et al., 2007).
Radish (Raphanus sativus L.), being a potential vegetable, is utilized 
in a variety of ways, e.g., fresh, pickled, dried, cooked as well as a 
fodder. It is an important source of medicinal foods and one of the 
most recalcitrant crop plants in nature (CURTIS, 2003). Generally, 
radish is categorized as moderately sensitive to salinity (MAAS and 
HOFFMAN, 1977), while SONNEVELD (1988) reported a low sensitivity 
of radish to salt stress. Despite of being a potential vegetable crop 
world-over, little is known about its mechanism of salt tolerance. 
Thus, the premier objectives of this study were to observe the effect 
of varying levels of salt on some key physiological processes such 
as photosynthetic capacity and mineral nutrient accumulation in six 
genetically diverse radish cultivars. It was also examined whether 
photosynthetic capacity and pattern of accumulation of nutrients 
could be used as effective selection criteria for salt tolerance in 
radish.
Materials and methods
To examine changes in growth, gas exchange characteristics, some 
water relation attributes and nutrient accumulation in six cultivars/
lines of radish (Raphanus sativus L.) i.e., Radish Red Neck, Radish 
Lal Pari, Radish Mino Japani, Radish 40 Days, Mannu Early and Desi, 
a greenhouse experiment was conducted at the Botanical Garden, 
University of Agriculture, Faisalabad. The seeds of all cultivars were 
obtained from the Ayub Agricultural Research Institute, Faisala-
bad, Pakistan. Five seeds of each cultivar were sown per plastic pot 
(23.5 cm diameter and 29 cm deep) fi lled with 10 kg dry river 
sand. The plants were thinned to two plants per pot after 14 d of 
growth. Three NaCl treatments (0, 80, and 160 mM) in Hoagland’s 
nutrient solution were applied to three week-old plants. The NaCl 
concentration was increased step-wise in aliquots of 40 mM every 
day until the appropriate concentration attained. After 20 days of 
salt treatment, two plants from each pot were uprooted carefully and 
separated into shoots and roots. The plant samples were oven dried 
at 65 °C and dry weights recorded. Before harvesting the plants, the 
data for the following parameters were recorded:
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Leaf osmotic potential
One fully expanded youngest leaf from each plant was excised and 
frozen in a freezer below -20 oC for more than seven days after which 
time the frozen leaf material was thawed and the sap extracted by 
pressing the material with a glass rod. The sap was used directly 
for the determination of osmotic potential in a vapor pressure 
osmometer (Vapro, 5520).
Relative water content (RWC)
Relative water content was determined following JONES and TURNER 
(1978) by using a leaf of uniform size from each replicate. 
Gas exchange characteristics
To measure different gas exchange parameters such as net CO2
assimilation rate (A), transpiration (E), stomatal conductance (gs)
and sub-stomatal CO2 concentration (Ci), an infra-red gas analyzer 
(Analytical Development Company, Hoddesdon, England) was used. 
All measurements were made on a fully expanded youngest leaf of 
each plant from 10.00 to 12.00 h with the following specifi cations/
adjustments of the leaf chamber: atmospheric pressure 99.9 kPa, 
water vapor pressure into the chamber ranged from 6.0 to 8.9 mbar, 
temperature of leaf ranged from 28.4 to 32.4 oC, ambient tempera-
ture ranged from 22.4 to 27.9 oC, molar fl ow of air per unit leaf 
area 403.3 mmol m-2 s-1, PAR at leaf surface was maximum up to 
918 µmol m-2 s-1, and ambient CO2 concentration was 352 ppm.
Determination of mineral elements in plant tissues 
The dried ground plant leaf or root material (0.1 g) was taken in a 
digestion fl ask and to this digestion fl ask, 1 mL of digestion mixture 
(0.42 g of Se and 14 g of LiSO4 . 2H2O to 350 mL of H2O2, mixed 
well and 420 mL of conc. H2SO4 were added slowly to it keeping 
it in an ice bath) was added and placed the fl ask on a hot plate. The 
temperature was increased gradually from 50 °C to 200 °C. When 
the mixture turned black, 0.5 mL of HClO4 was added to the sample, 
and heated again until the material became colorless (ALLEN et al., 
1986). The fl asks were removed from the hot plate and cooled 
down. The solution was diluted up to 50 mL in a volumetric fl ask 
and fi ltered. The fi ltrate was used for the determination of K+, Ca2+
and Na+. 
Statistical analysis
Analysis of variance of all parameters was computed using the 
MSTAT computer package (Mstat Development Team, 1989). 
Standard errors of means were also calculated to observe intra-mean 
variation.
Results
Salt stress markedly suppressed the shoot and root dry weights of 
all radish cultivars, though radish cultivars differed signifi cantly 
in response to varying NaCl concentrations of the growth medium 
(Fig. 1). From the mean data, it is apparent that lines Mannu Early 
and Desi had greater shoot and root dry biomass than the other 
cultivars at all salt regimes. 
Leaf osmotic potential in all radish cultivars signifi cantly decreased 
(P ≤ 0.001) with increase in NaCl concentration in the growth 
medium. Cultivar Desi followed by Radish Red Neck was the lowest 
in leaf osmotic potential of all radish cultivars at the highest salt 
regime, whereas Desi followed by Radish Mino Japani was lower 
than the other cultivars at 80 mM NaCl. 
Fig. 1: Shoot and root dry weights, leaf osmotic potential, relative water contents and shoot and root Na+ concentration of six radish (Raphanus sativus L.) 
cultivars subjected to different concentrations of NaCl (Means ±S.E; n = 4). Values showing mean squares from analysis of variance of data for each 
variable. *, ** and *** signifi cant at 0.05, 0.01 and 0.001, respectively; ns = non-signifi cant; S = Salt stress; Cvs = cultivars.
Fig. 1 Shoot and root dry weights, leaf osmotic potential, relative water contents and shoot and root Na+ concentration of six radish
(Raphanus sativus L.) cultivars subjected to different concentrations of NaCl (±S.E; n =4). Values showing mean squares from analysis of
variance of data for each variable. *, ** and *** significant at 0.05, 0.01 and 0.001, respectively; ns= non-significant; S = Salt stress; Cvs =
cultivars.
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Leaf relative water content (RWC) of all radish cultivars signifi cantly 
decreased with increase in NaCl of the growth medium (Fig. 1). The 
cultivars also differed signifi cantly in this water relation attribute. 
Leaf RWC was found to be highest in Radish Red Neck followed by 
Radish Lal Pari at the highest (160 mM) NaCl level (Fig. 1).
Addition of salt to the rooting medium caused a signifi cant reduction 
in all gas exchange attributes (net CO2 assimilation rate, transpiration 
rate, stomatal conductance, sub-stomatal CO2, Ci /Ca ratio, water use 
effi ciency) (Fig. 2) and the cultivars did not differ signifi cantly in all 
these gas exchange attributes except in transpiration rate. However, 
Radish Lal Pari followed by Radish Red Neck and Radish Mino 
Japani had greater transpiration rate than the other cultivars at the 
highest salt regime. 
Na+ concentrations in the leaves and roots of the six radish cultivars 
increased signifi cantly with increase in salt level of the rooting 
medium (Fig. 1). Cultivar Radish 40 Days had considerably higher 
leaf Na+ concentration than the other cultivars at the highest salt 
concentration. In contrast, root Na+ concentration was the highest in 
cv. Desi of all cultivars at the highest salt stress. While, at 120 mM 
NaCl, cvs. Desi and Mannu Early were higher in root Na+ as 
compared with the other cultivars. 
Leaf and root Cl- concentrations increased signifi cantly in the six 
radish cultivars with the addition of NaCl to the growth medium, 
and the cultivars also differed signifi cantly in these physiological 
attributes. Cultivars Radish Red Neck, Radish Mino Japani and Desi 
had greater leaf Cl- than the other cultivars at the highest salt regime, 
while root Cl- was higher in Radish Red Neck and Radish 40 Days 
compared with the other cultivars at 120 mM NaCl (Fig. 3). 
A marked reduction in K+ accumulation in the leaves and roots of the 
six radish cultivars was observed due to imposition of salt stress to 
the growth medium, particularly at the highest salt regime (Fig. 3). 
A maximum leaf K+ was observed in Radish Lal Pari followed by 
Radish Mino Japani and Desi at the highest salinity level, whereas 
the same was true for root K+ in Mannu Early and Desi (Fig. 3). 
Leaf and root Ca2+ of the six radish cultivars decreased signifi cantly 
with increase in salt level of the rooting medium (Fig. 3). The 
cultivars also differed signifi cantly in accumulation of Ca2+ in the 
leaves or roots. Leaf Ca2+ was higher in Radish Red Neck and 
Radish Lal Pari compared with the other cultivars at 120 mM NaCl. 
However, cultivar Radish Red Neck followed by Radish Mino 
Japani had greater accumulation of Ca2+ in the roots at the highest 
salt regime.
Discussion
In the present study, varying levels of salt caused a marked reduc-
tion in the shoot and root dry weights in the six radish cultivars. 
Salt-induced reduction in the radish cultivars is analogous to what 
has earlier been observed in a number of plant species including 
rice (ALAM et al., 2004), wheat (ARFAN et al., 2007; SHAHBAZ
et al., 2008), spinach, cucumber and pepper (KAYA et al., 2001), 
sunfl ower (AKRAM et al., 2009; NOREEN et al., 2009), tomato (SATTI
and AL-YAHYAI, 1995), cotton (LEIDI and SAIZ, 1997) etc. The 
present study also revealed considerable inter-cultivar variation in 
salt tolerance in the set of six genetically diverse cultivars of radish. 
Earlier, a great magnitude of inter-cultivar (intra-specifi c) variation 
has been observed in many crop plants, e.g., barley and wheat 
Fig. 2: Different gas exchange characteristics of six radish (Raphanus sativus L.) cultivars subjected to different concentrations of NaCl (Mean ±S.E; 
n = 4). Values showing mean squares from analysis of variance of data for each variable. * and *** signifi cant at 0.05 and 0.001, respectively; ns = 
non-signifi cant; S = Salt stress; Cvs = cultivars.
Fig. 2 Different gas exchange characteristics of six radish (Raphanus sativus L.) cultivars subjected to different concentrations of NaCl
(±S.E; n =4). Values showing mean squares from analysis of variance of data for each variable. * and *** significant at 0.05 and 0.001,
respectively; ns = non-significant; S = Salt stress; Cvs = cultivars. 
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(RICHARDS et al., 1987), rice (AKBAR and YABUNO, 1974), canola 
(ULFAT et al., 2007; ATHAR et al., 2009), and tomato (FOOLAD, 1996; 
PEREZ-ALFOCEA et al., 1996). The growth reduction in the radish 
cultivars might have been due to a limited supply of metabolites to 
young growing tissues, and regulation of a number of biochemical 
or physiological processes including photosynthesis, leaf water 
relations and nutrient imbalance (MAAS and NIEMAN, 1978; MUNNS
and JAMES, 2003; ASHRAF, 2004; JUAN et al., 2005).
In the present study, photosynthetic and transpiration rates, stomatal 
conductance (gs), sub-stomatal CO2 (Ci), and relative intercellular 
CO2 (Ci /Ca) of all the radish cultivars were reduced linearly with 
increase in salt concentration of the growth medium. The reduction 
in photosynthesis under salinity stress can also be attributed to a 
decrease in stomatal closure, because higher stomatal conductance 
is known to increase CO2 diffusion into leaves thereby favoring 
higher photosynthetic activity (SEEMANN and CRITCHLEY, 1985; 
DUBEY, 2005). In the present study, net CO2 assimilation rate (A) had 
a positive relationship with all these gas exchange variables (A vs gs
or Ci or Ci/Ca or E, r = 0.740***; 0.666***; 0.665***; 0.794***; 
and gs vs Ci r = 0.681***). These results indicate that salt-induced 
reduction in growth in all six radish cultivars was due to decline in 
photosynthesis, and decline in net photosynthesis under salt stress 
occurred principally due to stomatal closure, which is in agreement 
with a number of earlier studies (BRUGNOLI and BJORKMAN, 1992; 
DIONISIO-SESE and TOBITA, 1998; RAZA et al., 2006; ULFAT et al., 
2007). However, it was not possible to discriminate among the radish 
cultivars on the basis of these gas exchange attributes. For instance, 
salt tolerant cultivars cvs. Mannu Early and Desi were lower in gs 
compared to the salt sensitive cultivars (Fig. 1), but they were similar 
in photosynthetic capacity. These results support the argument that 
gs is not always associated with A. This has earlier been observed in 
different crops such as sunfl ower (RAWSON and CONSTABLE, 1980), 
and Andropogon glomeratus (BOWMAN, 1987). These fi ndings 
suggest that cultivar variation for salt tolerance in radish was not due 
to differences in stomatal conductance and thus it cannot be used as 
an effective selection criterion for salt tolerance in radish. In view of 
some earlier reports it is evident that a positive relationship between 
photosynthetic rate and crop growth or yield under saline conditions 
exists in different crops such as Spinacia oleracea (ROBINSON et al., 
1983), Asparagus offi cinalis (FAVILLE et al., 1999), six Brassica
diploid and amphiploid species (NAZIR et al., 2001; ASHRAF, 2001), 
wheat (RAZA et al., 2006), and 34 canola cultivars (ULFAT et al., 
2007). All these reports suggest that the rate of photosynthesis can 
be used as a selection criterion for salt tolerance, particularly where 
a close relationship between photosynthesis and growth under salt 
stress is found (QASIM et al., 2003; ASHRAF, 2004). 
If we draw relationships between shoot dry biomass and net CO2
assimilation rate of six radish cultivars differing in salt tolerance, 
growth in terms of dry biomass of all cultivars was positively 
associated with net CO2 assimilation rate (A vs shoot dry weight 
r= 0.591***). However, such a relationship was not found when 
individual radish cultivars differing in salt tolerance were compared 
with respect to their rate of photosynthesis. For example, salt tolerant 
cvs. Mannu Early and Desi higher in growth were similar to the salt 
sensitive Radish Lal Pari in net CO2 assimilation rate, at different 
salt concentrations of the growth medium. These results are in close 
conformity with some earlier fi ndings in different crops in which 
a non-signifi cant relationship between growth and photosynthetic 
rate was observed such as in Diplachne fusca (MYERS et al., 1990), 
Trifolium repens (ROGERS and NOBLE, 1992), and spring wheat 
Fig. 3: Shoot and root K+, Cl- and Ca2+ concentrations of six radish (Raphanus sativus L.) cultivars subjected to different concentrations of NaCl (Mean ±S.E; n = 4).
Values showing mean squares from analysis of variance of data for each variable. *, ** and *** signifi cant at 0.05, 0.01 and 0.001, respectively; ns = 
non-signifi cant; S = Salt stress; Cvs = cultivars.
Fig. 3 Shoot and root K , Cl- and Ca concentrations of six radish (Raphanus sativus L.) cultivars subjected to different concentrations
of NaCl (±S.E; n =4). Values showing mean squares from analysis of variance of data for each variable. *, ** and *** significant at 0.05, 0.01
and 0.001, respectively; ns non-significant; S = Salt stress; Cvs = cultivars.
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(HAWKINS and LEWIS, 1993; ASHRAF and O’LEARY, 1996). Thus, 
these results show that photosynthetic rate cannot be used as a 
potential selection criterion for salt tolerance in radish. 
In the present study, leaf osmotic potential or RWC was also not 
associated with the growth of six radish cultivars. These results 
are supported by the conclusive statement of MUNNS (1993) in a 
comprehensive review that relationship between leaf turgor and salt 
tolerance occurs occasionally i.e. maintenance of higher plant water 
status is not associated with salt tolerance. Thus, the differential 
growth of radish cultivars under salt stress may have been due to 
factors other than water relations. 
The most prominent effect of salinity on plant growth is the 
excessive accumulation of Na+ and Cl- in the leaves resulting in ionic 
imbalance, specifi c ion effects, and nutrient-defi ciency symptoms 
in plants (GRATTAN and GRIEVE, 1999; ZHANG and BLUMWALD, 
2001; MUNNS, 2002; ASHRAF, 2004). Thus, it is imperative to assess 
pattern of ion accumulation of toxic ions in different plant parts of 
a crop species to understand as to whether the species uses partial 
exclusion or inclusion mechanism for tolerating toxic ions present in 
its growth medium. In the present study, the radish cultivars differed 
signifi cantly in accumulation of Na+ K+, Ca2+ and Cl- in the leaves 
and roots. For example, the relatively salt tolerant cvs. Mannu Early 
and Desi accumulated relatively higher concentrations of Na+ in their 
roots thereby checking the uptake of this toxic ion to the shoot. Such 
kind of mechanism has already been observed in different crops such 
as Hordeum vulgare (CARDEN et al., 2003), tomato (FOOLAD, 1996), 
wheat (WYN JONES et al., 1984; MUNNS and JAMES, 2003), and 
Trifolium alexandrinum (ASHRAF et al., 1986). 
Overall, the decline in the growth of all six radish cultivars examined 
in the present study was due to reduction in photosynthetic capacity 
and ion accumulation. However, a positive correlation was observed 
between shoot dry weight and photosynthetic rate as well as 
reduction in photosynthesis was found to be closely associated with 
decreased stomatal conductance. However, none of the physiological 
attributes determined in the present study was found to be effective 
in discriminating the radish cultivars for salt tolerance.
Acknowledgment 
The work presented in this manuscript is a part of research work 
conducted by Ph.D scholar Dr. Zahra Noreen, (PIN No. 041-
212343B-049) whose study was funded by the Higher Education 
Commission through the Indigenous Ph.D Scheme.
References
AKBAR, M., YABUNO, T., 1974: Breeding for saline resistant varieties of rice. 
I-Comparative performance of some rice varieties to salinity during early 
development stages. Japan. J. Breed. 24, 176-181. 
AKRAM, M.S., ASHRAF, M., AKRAM, N.A., 2009: Effectiveness of potassium 
sulfate in mitigating salt-induced adverse effects on different physio-
biochemical attributes in sunfl ower (Helianthus annuus L.). Flora 204, 
471-483.
ALAM, M.Z., STUCHBURY, T., NAYLOR, R.E.L., RASHID, M.A., 2004: Effect 
of salinity on growth of some modern rice cultivars. J. Agron. 3, 1-10.
ALLEN, S.K., DOBRENZ, A.K., SCHONHORST, M.H., STONER, J.E., 1986: 
Heritability of NaCl tolerance in germinating alfalfa seeds. Agron. J. 
77, 90-96. 
ARFAN, M., ATHAR, H.R., ASHRAF, M., 2007: Does exogenous application 
of salicylic acid through the rooting medium modulate growth and 
photosynthetic capacity in differently adapted spring wheat cultivars 
under salt stress? J. Plant Physiol. 6, 685-694. 
ASHRAF, M., 2001: Relationships between growth and gas exchange 
characteristics in some salt-tolerant amphidiploid Brassica species in 
relation to their diploid parents. Environ. Exp. Bot. 45, 155-163. 
ASHRAF, M., 2004: Some important physiological selection criteria for salt 
tolerance in plants. Flora 199, 361-376. 
ASHRAF, M., O’LEARY, J.W., 1996: Responses of some newly developed salt-
tolerant genotypes of spring wheat to salt stress, II. Water relations and 
photosynthetic capacity. Acta Bot. Neerl. 45, 29-39. 
ASHRAF, M., MCNEILLY, T., BRADSHAW, A.D., 1986: Tolerance of sodium 
chloride and its genetic basis in natural populations of four grass species. 
New Phytol. 103, 725-734. 
ATHAR, H.R., ASHRAF, M., WAHID, A., JAMIL, A., 2009: Inducing salt 
tolerance in canola (Brassica napus L.) by exogenous application of 
glycinebetaine and proline: response at the initial growth stages. Pak. J. 
Bot. 41, 769-775.
BOWMAN, W.D., 1987: Effect of salinity on leaf gas exchange in two 
populations of C4 non halophyte. Plant Physiol. 85, 1055-1058. 
BRUGNOLI, E., BJORKMAN, O., 1992: Growth of cotton under continuous 
salinity stress: infl uence on allocation pattern, stomatal and non-stomatal 
components and dissipation of excess light energy. Planta 187, 335-347. 
CARDEN, D.E., WALKER, D.J., FLOWERS, T.J., MILLER, A.J., 2003: Single 
cell measurement of the contributions of cytosolic Na+ and K+ to salt 
tolerance. Plant Physiol. 131, 676-683. 
CRAMER, G.R., BOWMAN, D.C., 1991: Kinetics of maize leaf elongation. I. 
Increased yield threshold limits short-term, steady state elongation rates 
after exposure to salinity. J. Exp. Bot. 42, 1417-1426. 
CURTIS, I.S., 2003: The noble radish: past, present and future. Trends Plant 
Sci. 8, 305-307.
DIONISIO-SESE, M.L., TOBITA S., 1998: Antioxidant responses of rice 
seedlings to salinity stress. Plant Sci. 135, 1-9. 
DOWNTON, W.J.S., 1977: Photosynthesis in salt-stressed grapevines. Aust. J. 
Plant. Physiol. 4, 183-192. 
DUBEY, R.S., 2005: Photosynthesis in plants under stressful conditions. In: 
M. Pessarakli (ed.), Handbook photosynthesis, 2nd Ed., 717-718. CRC. 
Press, New York, USA. 
FAVILLE, M.J., SILVESTER, W.B., GREEN, T.G.A., JERMYN, W.A., 1999: 
Photosynthetic characteristics of three asparagus cultivars differing in 
yield. Crop Sci. 39, 1070-1077. 
FOOLAD, M.R., 1996: Genetic analysis of salt tolerance during vegetative 
growth in tomato, Lycopersicon esculentum Mill. Plant Breeding 116, 
53-58. 
FRICKE, W., AKHIYAROVA, G., VESELOV, D., KUDOYAROVA, G., 2004: Rapid 
and tissue-specifi c changes in ABA and in growth rate in response to 
salinity in barley leaves. J. Exp. Bot. 55, 1115-1123. 
GENC, Y., MCDONALD, K.G., TESTER M., 2007: Reassessment of tissue 
Na+ concentration as a criterion for salinity tolerance in bread wheat. 
Plant Cell Environ. 30, 1486-1498. 
GRATTAN, S.R., GRIEVE C.M., 1999: Salinity-mineral nutrient relations in 
horticultural crops. Sci. Hortic. 78, 127-157. 
HAWKINS, H.J., LEWIS, D.O.A.M., 1993: Combination effect of NaCl salinity, 
nitrogen from the calcium concentration on the growth, ion content and 
gaseous exchange properties of Triticum aestivum L. cv. Gamtoos. New 
Phytol. 124, 161-170. 
JAMIL, M., REHMAN, S., LEE, K.J., KIM, J.M., KIM, H.S., RHA, E.S., 2007: 
Salinity reduced growth PS2 photochemistry and chlorophyll content in 
radish. Sci. Agric. 64, 111-118. 
JONES, M.M., TURNER T.C., 1978: Osmotic adjustment in leaves of sorghum 
in response to water defi cits. Plant Physiol. 61, 122-126. 
JUAN, M., RIVERO, R.M., ROMERO, L., RUIZ J.M., 2005: Evaluation of some 
nutritional and biochemical indicators in selecting salt-resistant tomato 
cultivars. Environ. Exp. Bot. 54, 193-201. 
KAYA, C., KIRNAK, H., HIGGS, D., 2001: The effects of supplementary 
potassium and phosphorus on physiological development and mineral 
nutrition of cucumber and pepper cultivars grown at high salinity (NaCl). 
J. Plant Nutr. 24, 25-27.
LEIDI, E.O., SAIZ, J.F., 1997: Is salinity tolerance related to Na+ accumu-
lation in upland cotton seedlings? Plant Soil 190, 67-75.
MAAS, E.V., HOFFMANN, G.J., 1977: Crop salt tolerance-current assessment. 
96 Z. Noreen, M. Ashraf, N.A. Akram
J. Irrigation Drainage Division, ASCE, 103, 115-134. 
MAAS, E.V., NIEMAN, R.H., 1978: Physiology of plant tolerance. In: Jung, 
G.A. (ed.), Crop tolerance to sub-optimal land conditions, 277-299. Soil 
Sci. Soc. Am. Spec. Pub. Madison, USA.
MARTINEZ-BARROSO, C., ALVAREZ, C.E., 1997: Toxicity symptoms and 
tolerance of strawberry to salinity in the irrigation water. Sci. Hortic. 
71, 177-188.
MSTAT Development Team, 1989: MSTAT user’s guide: A microcomputer 
program for the design management and analysis of agronomic research 
experiments. Michigan State Univ. East Lansing, USA.
MUNNS, R., 1993: Physiological processes limiting plant-growth in saline 
soils -some dogmas and hypotheses. Plant Cell Environ. 16, 15-24. 
MUNNS, R., 2002: Comparative physiology of salt and water stress. Plant Cell 
Environ. 25, 239-250. 
MUNNS, R., 2005: Genes and salt tolerance: bringing them together. New 
Phytol. 167, 645-663. 
MUNNS, R., JAMES, R.A., 2003: Screening methods for salinity tolerance: a 
case study with tetraploid wheat. Plant Soil 253, 201-218. 
MUNNS, R., PASSIOURA, J.B., GUO, J.M., CHAZEN, O., CRAMER, G.R.,
2000: Water relations and leaf expansion: importance of time scale. J. 
Exp. Bot. 51, 1495-1504.
MUNNS, R., TESTER, M., 2008: Mechanisms of salinity tolerance. Annu. Rev. 
Plant Biol. 59, 651-681.
MYERS, B.A., NEALES, T.R., JONES, M.B., 1990: The influence of salinity 
on growth, water relations and photosynthesis in Diplachne fusca (L.) 
P. Beauve. Ex Roemer and Schultes. Aust. J. Plant Physiol. 17, 675-691. 
NAZIR, N., ASHRAF, M., EJAZ, R., 2001: Genomic relationships in oilseed 
Brassica with respect to salt tolerance-photosynthetic capacity and ion 
relations. Pak. J. Bot. 33, 483-501. 
NOREEN, S., ASHRAF, M., HUSSAIN, M., JAMIL, A., 2009: Exogenous 
application of salicylic acid enhances antioxidative capacity in salt 
stressed sunfl ower (Helianthus annuus L.) Plants. Pak. J. Bot. 41, 473-
479.
NOREEN, Z., ASHRAF, M., 2008: Inter- and intra-specific variation for salt 
tolerance in turnip (Brassica rapa L.) and radish (Raphanus sativus L.) 
at the initial growth stages. Pak. J. Bot. 41, 229-236. 
PAUL, M.J., FOYER, C.H., 2001: Sink regulation of photosynthesis. J. Exp. 
Bot. 52, 1383-1400. 
PEREZ-ALFOCEA, F., BALIBREA, M.E., SANTA CRUZ, A., ESTAN, M.T., 1996: 
Agronomical and physiological characterization of salinity tolerance in 
a commercial tomato hybrid. Plant Soil 180, 251-257. 
QASIM, M., ASHRAF, M., JAMIL, A., ASHRAF, M.Y., REHMAN, S., RHA, E.S., 
2003: Water relations and leaf gas exchange properties in some elite 
canola (Brassica napus) lines under salt stress. Ann. Appl. Biol. 142, 
307-316. 
RAWSON, H.M., CONSTABLE, G.A., 1980: Carbon production of sunflower 
cultivars in fi eld and controlled environments. I. Photosynthesis and 
transpiration of leaves, stems and heads. Aust. J. Plant Physiol. 7, 555-
573. 
RAZA, S.H., ATHAR, H.R., ASHRAF, M., 2006: Influence of exogenously 
applied glycinebetaine on the photosynthetic capacity of two differently 
adapted wheat cultivars under salt stress. Pak. J. Bot. 38, 341-351. 
RICHARDS, R.A, DENNETT, C.W., QUALSET, C.O., EPSTEIN, E., NORLYN, 
J.D., WINSLOW, M.D., 1987: Variation in yield and biomass in wheat, 
barley, and triticale in a salt-affected fi eld. Field Crops Res. 15, 277-
287. 
ROBINSON, S.P., DOWNTON, W.J.S., MILLHOUSE, J.A., 1983: Photosynthesis 
and ion content of leaves and isolated chloroplasts of salt-stressed 
spinach. Plant Physiol. 73, 238-242. 
ROGERS, M.E., NOBLE, C.L., 1992: Variation in growth and ion accumulation 
between two selected populations of Trifolium repens L. differing in salt 
tolerance. Plant Soil 146, 131-136. 
SAIED, S., KEUTGEN, A.J., NOGA, G., 2003: Effects of NaCl stress on leaf 
growth, photosynthesis and ionic contents of strawberry cvs ‘Elsanta and 
Korona’. Acta Hort. 609, 67-73.
SAIRAM, R.K., TYAGI, A., 2004: Physiology and molecular biology of salinity 
stress tolerance in plants. Curr. Sci. 86, 407-421.
SATTI, S.M.E., AL-YAHYAI, 1995: Salinity tolerance in tomato: implications 
of potassium, calcium and phosphorus. Commun. Soil Sci. Plant Anal. 
26, 2749-2760.
SEEMANN, J.R., CRITCHLEY, C., 1985: Effects of salt stress on the growth, 
ion content, stomatal behaviour and photosynthetic capacity of a salt 
sensitive species. Phaseolus vulgaris L. Plant Physiol. 82, 555-560. 
SHAHBAZ, M., ASHRAF, M., ATHAR, H.R., 2008: Does exogenous appli-
cation of 24-epibrassinolide ameliorate salt induced growth inhibition in 
wheat (Triticum aestivum L.)? Plant Growth Regul. 55, 51-64. 
SONNEVELD, C., 1988: The salt tolerance of greenhouse crops. Neth. J. Agric. 
Sci. 36, 63-73. 
ULFAT, M., ATHAR, H.R., ASHRAF, M., AKRAM, N.A., JAMIL, A., 2007: 
Appraisal of physiological and biochemical selection criteria for 
evaluation of salt tolerance in canola (Brassica napus L.). Pak. J. Bot. 
39, 1593-1608. 
WYN JONES, R.G., GORHAM, J., MCDOWELL, E., 1984: Organic and inorganic 
solute contents as selection criteria for salt tolerance in the Triticeae. In: 
Staples, R.C., Onnissen, G.H.T. (eds.), Salinity tolerance in plants, 189-
205. Wiley, New York. 
YASAR, F., 2007: Effect of salt stress on ion and lipid peroxidation content in 
green beans genotypes. Asian J. Chem. 19, 1165-1169.
YILDIZ, K., UZAL, Ö., YILMAZ, H., 2008: Consequences of NaCI salinity 
on growth and on accumulation in selected strawberry cultivars. Eur. J. 
Hortic. Sci. 73, 69-72.
ZHANG, H.X., BLUMWALD, E., 2001: Transgenic salt-tolerant tomato plants 
accumulate salt in foliage but not in fruit. Nat. Biotechnol. 19, 765-768. 
ZHU, J.-K., 2001: Plant salt tolerance. Trends Plant Sci. 6, 66-71.
Address of the corresponding author:
Nudrat Aisha Akram, E-mail:  nudrataauaf@yahoo.com, 
Tel.: +92-41-9201488, Fax: +92-41-92001488
